The aim of this work was to study the incorporation of lead containing TV tube glass waste as a method to provide alternative raw material for aluminous electrical porcelain. For this purpose, aluminous porcelain formulations containing up to 30 wt.% of TV tube glass waste as a replacement for traditional flux material (sodium feldspar) were pressed and fired in air at 1300 ºC using a fast-firing cycle (< 60 min). X-ray diffraction (XRD), scanning electron microscopy (SEM), linear shrinkage, apparent density, water absorption, and electrical resistivity have been carried out. The results indicated that the aluminous porcelain pieces containing up to 30 wt.% of TV tube glass waste rich in PbO with water absorption between 0.42 and 0.45% and volume electrical resistivity between 1.91 and 2.93 x 10 11 Ω.cm have high potential to work as electrical insulator material. This use of lead containing TV tube glass waste can contribute greatly to reducing the environmental impacts related to it, and also save the sources of non-renewable raw materials used in the electrical porcelain sector.
Introduction
Every year huge volumes of solid wastes from electric and electronic equipments (e-waste) are produced in many places around the world, including television sets containing one cathode ray tube [1] [2] [3] [4] . In the solid waste management field an important issue is the final disposal of the cathode ray tube composed of different glasses, including the lead containing one. In particular, the recycling of lead containing glass is quite problematic. In view of the environmental impacts of the TV tube glass waste pollution, there is a critical need for an ecological and economical solution for the final disposal of this abundant solid waste material.
Aluminous electrical porcelain is a glass-bonded material with excellent technical properties (low water absorption, high electrical resistivity, and high mechanical strength) widely applied to high-tension insulators in electrical power transmission and distribution systems [5] [6] [7] . The aluminous porcelain formulations consist mainly of a mixture of clay (kaolin and/or plastic clay), fluxing material (feldspars), and filler (alumina) 5, 8 . After firing at high temperature, the aluminous porcelain is characterized by a highly dense microstructure composed of mullite and alumina particles embedded in an abundant glassy matrix. Porosity is residual 9 .
In the industrial processing of aluminous porcelain materials an important issue is the cost of the non-renewable pure raw materials 7 . In particular, the aluminous porcelain formulations contain high amount of fluxing materials such as potassium feldspar (rich in K 2 O) and sodium feldspar (rich in Na 2 O)
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. On the other hand, the lead bearing TV tube glass waste contains high amount of fluxing oxides 2 . This indicates that the TV tube glass waste could be an attractive option for possible replacement of feldspar material in aluminous porcelain formulation. Previous studies [10] [11] [12] [13] [14] have shown the use of glass waste in the production of traditional ceramic materials. However, the reuse of lead containing TV tube glass waste in aluminous porcelain has not yet been investigated.
The aim of this work was to investigate the incorporation of TV tube glass waste into aluminous porcelain body as partial replacement for sodium feldspar to be used as electrical insulator material.
Materials and Methods
In this study aluminous porcelain formulations containing up to 30 wt.% of TV tube glass waste were prepared ( Table 1) . The standard aluminous porcelain formulation (TF0 formulation) used as a reference consisted of kaolin (20 wt.%), plastic clay (25 wt.%), sodium feldspar (35 wt.%), and alumina (20 wt.%) 6 . In the formulations the sodium feldspar was partially replaced with increasing amounts of TV tube glass waste. Commercial kaolin, plastic clay, sodium feldspar, and alumina were used. The TV tube glass waste sample was collected in the Campos dos Goytacazes-RJ region, Brazil. 
Results and Discussion
The mineral phases of the raw materials identified by X-ray diffraction are given in , and micaceous mineral. In addition, the partial replacement of sodium feldspar with TV tube glass waste results in the incorporation of amorphous material in the reference formulation. In fact, the X-ray diffraction pattern of the TV tube glass waste sample ( Figure 1 ) presents a typical amorphous band around 2θ = 27º. The raw materials were dry-ground for 60 min by using a laboratory ball mill to get the desired fineness (< 45 µm). All the formulations (Table 1) were mixed, homogenized, and microgranulated via the dry process. Mineralogical analysis was performed by X-ray diffraction (XRD-7000 model, Shimadzu) using Cu-Kα radiation at a scanning speed of 1.5º (2θ/min. ICDD-JCPDS cards were used to identify the mineral phases. The plastic properties of the porcelain formulations were determined following procedures described in NBR 6459 (1984) and NBR 7180 (1984) . The Hausner ratio of the granulated powders was also determined.
The porcelain formulations were moistened with 7 wt.% water, and pressed in a steel die into disk pieces (16 mm in diameter and 10 mm in height) under uniaxial pressing of 50 MPa. After shaping the green pieces were dried at 110 ºC for 24 h, and then fired at 1300 ºC using a fast-firing cycle (< 60 min) in a laboratory fast-firing kiln (FSQC-1300/3 model, Maitec).
The following technical properties of the fired pieces have been determined: linear shrinkage, water absorption, apparent density, and electrical resistivity. Linear shrinkage values upon drying and firing were evaluated from variation of the diameter of the disk specimens. Water absorption values were obtained from weight differences between the as-fired and water saturated specimens (immersed in boiling water for 2 h). The apparent density was measured by the Archimedes method. The volume electrical resistivity measurements, determined by the method of two points, were performed by using a digital multimeter with 8 1/2 digits (3458A model, Argilent Technologies), a programmable voltage source (52620G model, Tektromix P), and two conductive plates involving the specimens that were painted with silver conductive ink 8 . X-ray diffraction analysis was carried out on fired specimens in order to qualitatively evaluate the mineral phases. The microstructure of the fired samples were examined by scanning electron microscopy (SSX-550 model, Shimadzu), at the gold-coated fractured surface. Table 3 gives the chemical compositions of the raw materials used in this work. The results indicated the major presence of silicon oxide (SiO 2 ), except in the alumina sample. The TV tube glass waste sample contains a significant amount of fluxing oxides, including lead oxide (PbO). This means that the TV tube glass waste can influence the densification behavior of the aluminous porcelain formulations.
The plastic properties and Hausner ratio of the aluminous porcelain formulations have been presented in Table 4 . It is noteworthy that no significant differences are observed in the plasticity index values (16.0 -18.3%), independently of the added TV tube glass waste amount. It was also found that all aluminous porcelain powders presented a Hausner ratio around unity (1.016 -1.033 ). This indicates that the aluminous porcelain powders produced by the dry process had good flowability characteristics. lead containing glass waste had not significant influence on the phase evolution of aluminous porcelain. However, as shown in Figure 2b , the presence of lead containing glass waste tends to promote a higher liquid phase amount, resulting in a larger amorphous band. On the other hand, since no lead oxide peak is observed for the TF30 formulation ( Figure  2b) , it is plausible to consider that all PbO (Table 3) has been probably dissolved in the liquid phase on fast-firing process and formed a solid solution. The results of linear shrinkage and bulk density of the aluminous porcelain pieces after drying at 110 ºC are shown in Table 5 . It may be observed that only small differences in the drying shrinkage values (0.20 -0.25%) occurred. The results also showed that the TV tube glass waste containing pieces presented higher bulk density. This effect is related to the high density of the lead containing TV tube glass waste 15 . XRD patterns of the fired pieces at 1300 ºC using a fast-firing cycle for the TF0 and TF30 formulations are shown in Figure 2 . For both formulations the following crystalline phases were identified: mullite, quartz, and α-alumina. Note that only small differences in the peak intensities occurred. Quartz and α-alumina are residual minerals from the starting raw materials. Quartz is due to the plastic clay used. Mullite forms during the firing step from the amorphous metakaolinite 16 . In addition, the partial replacement of sodium feldspar with SEM micrographs of the fracture surfaces of the TF10 and TF30 formulations fired at 1300 ºC using a fast-firing cycle are shown in Figure 3 . It can be seen that the microstructure of the TF10 formulation (Figure 3a) is very homogeneous with a smooth fracture surface, reflecting its high densification degree. According with XRD analysis (Figure 2) , it consists of mullite, quartz, α-alumina, and glassy phase. However, a more roughened fracture surface with presence of pores for the TF30 formulation (Figure 3b) can be observed. This behavior suggests that the use of TV tube glass waste beyond 30 wt.% in the aluminous porcelain formulations could result in progressive deterioration of the physical properties.
The densification behavior of the aluminous porcelain pieces has been studied in terms of linear shrinkage, apparent density, water absorption, and electrical resistivity as a function of the added TV tube glass waste amount. The linear shrinkage of the fired porcelain pieces is shown in Figure 4 . As may be observed, the porcelain pieces presented linear shrinkage values ranging from 9.25 to 10.14%, which are in agreement with the literature 17 . The results also showed that the linear shrinkage presented different behavior with TV tube glass waste addition. It can be seen that the linear shrinkage increased up to 20 wt.% waste, and then decreased as the TV tube glass waste amount increased. This behavior is probably related to the presence of closed porosity in the aluminous porcelain pieces.
The apparent density values of the fired pieces are given in Figure 5 . The results indicated that all pieces presented apparent density values typical for aluminous porcelain (2.41 -2.47 g/cm 3 ). However, the apparent density presented different behaviors with TV tube glass waste addition. Note that the apparent density values remained practically constant up to 20 wt.% waste addition and then decreased, indicating closed porosity formation with overfiring tendency (structure expansion). This result suggests that the replacement of sodium feldspar with TV tube glass waste in aluminous porcelain formulations is limited. In fact, it has been reported in the literature 1 that high amounts of glass waste into traditional ceramic formulations should be avoided due to overfiring problems.
The water absorption of the fired pieces is shown in Figure 6 . This physical property is essentially related to the sintered microstructure and to the open porosity amount. On the other hand, the electrical porcelain products have strict requirement in terms of water absorption capacity (< 0.50%). It can be seen in Figure 6 that all the TV tube glass waste containing pieces achieved the requirement of water absorption (0.42 -0.45%) for the production of aluminous porcelain. The results also suggest that the partial replacement of sodium feldspar with lead containing glass waste favored the reduction of open porosity of the fired pieces. This behavior enhances the good fluxing characteristic of the lead containing glass waste that tends to cause a decrease on the viscosity of the glassy phase, as confirmed by the lower open porosity.
The volume electrical resistivity of the fired pieces is shown in Figure 7 . It can be seen that all the aluminous porcelain pieces fired by using a fast-firing cycle (< 60 min) presented high electrical resistivity (0.76 -2.93 x 10 11 Ω.cm). This result indicates that the TV tube glass waste bearing aluminous porcelain pieces could be classified as good electrical insulating material. The electrical resistivity was observed to increase with increasing TV tube glass waste amount. This effect is related to the reduction of open porosity as evidenced by the water absorption values (Figure 6 ), indicating that higher glassy phase amount with lower viscosity was formed. In fact, it has been reported in the literature 18 that the electrical resistivity of porcelain materials increases with the increase of their glassy phase amount.
Conclusions
The TV tube glass waste is a low-cost, fluxing oxidesrich material (PbO, K 2 O, and Na 2 O) that could be used as partial replacement to natural flux material (sodium feldspar) in aluminous electrical porcelain formulations. The results of this study suggest that aluminous electrical porcelains containing up to 30 wt.% of TV tube glass waste produced by using a fast-firing cycle (< 60 min) could serve as high tension porcelain insulators with good technical properties. It was also found that the use of lead containing TV tube glass waste had not obvious effect on the phase evolution of the fired aluminous porcelain formulations. In this context, the valorization of lead bearing TV tube glass waste for aluminous electrical porcelain production is economical, beneficial to society, and environmentally friendly.
